This paper presents the results of an experimental study of the evaporation rate of suspended droplets pure water and a binary ethanol-water solution under conditions of forced convection (Re > 100). The results are compared with experimental data of other authors on evaporation of pure liquids. The evaporation rates of pure water droplets at different velocities of the flowing stream are measured. The dependence of the evaporation rate on the concentration of the less-volatile component is studied and the degree of the speed of the oncoming flow on the evaporation efficiency is estimated. A generalization of the experimental data shows that with an increase in the velocity of the incoming flow, the rate of evaporation slightly increases, but the change in the parameter
INTRODUCTION
The evaporation of droplets in a gas environment is of great practical interest in the thermal power engineering, mechanical engineering, construction, and chemical industries. Droplet evaporation is applied in such technological processes as drying of materials, separation of mixtures, purification of substances, cooling of liquid or gas, combustion chambers of power plants, and construction of refrigerating and evaporating stations. Despite a wide range of applications, a complete understanding of the evaporation process of droplets has not yet been achieved and the optimal modes of heat and mass transfer processes are often determined empirically. Primarily, this is due to the complexity of the processes that occur during evaporation of suspended droplets and the necessity of the complex solution of problems of gas dynamics and heat and mass transfer, in both the gas and liquid phases.
The problem is even more complicated in the case of studying multicomponent liquids. The evaporation of such droplets is difficult to describe without taking into account the relative influence of its components. Thus, due to numerical modeling of a single drop evaporation of binary composition (Newbold and Amundson, 1973) it is shown that the concentration gradient of one component is changed by increasing the concentration gradient of the other component because the influence of the Stefan flow into full mass flow from the droplet surface becomes larger. However, this model was criticized (Mills, 1973 At present, there are a large number of models describing the processes of heat and mass transfer during evaporation of droplets of a multicomponent composition (Daïf et al., 1999; Law et al., 1987; Mills, 1973; Newbold and Amundson, 1973; Snegirev, 2013; Talbot et al., 2016) . Their foundations were hypothesized in the works of Spalding (1963) ; Abramzon and Sirignano (1989) ; Sirignano (1983); Sazhin (2006) . Mainly, these works were necessary to develop correct methods for calculating evaporation and burning droplets in the sprays of multicomponent fuels. The rate of evaporation depends significantly on the temperature (Saha et al., 2012) and the humidity around the drop (Zhang et al., 2013) , as well as the composition of the environment in which the liquid evaporates (Abarham and Wichman, 2011; Miliauskas et al., 2010) . Sun et al. (2014) found that environmental conditions and concentration gradients could change the physicochemical properties of the liquid during evaporation. The efficiency of the evaporation process also depends significantly on the velocity of the gas flow around the drop. As was shown in Sirignano (2010) and Terekhov et al. (2010) , the rate of change of the droplet diameter during evaporation can differ from the classical evaporation law d 2 , and with the prevalence of convective transfer, the law of change of the droplet diameter d 1.5 is realized. An analysis of the studies carried out in this direction shows that there is no single approach to solve such a complex multifactor problem at present; the models used are either very limited in parameter ranges or suggest significant assumptions and simplifications of tasks. Most of the available models use the diffusion approximation, although for small droplets, this representation can lead to significant errors (Borodulin et al., 2017; Levashov and Kryukov, 2017) , and for these conditions, the kinetic approach gives better agreement with experiment.
Experimental studies on the evaporation of multicomponent droplets or binary solutions are very limited (Brenn et al., 2007; Lehmann et al., 2015; Ma et al., 2015; Maqua et al., 2008; Yarin et al., 2002) . In addition to the known difficulties in measuring the rate of evaporation of pure liquids associated with the effect of free convection and radiative heat transfer (Borodulin et al., 2017) , as well as conductive heat transfer from the droplet supported by a filament (Fuchs, 1959; Jeng-Renn and Shwin-Chung, 2002) , the determination of the variation in the concentration of components over time is important for multicomponent solutions. Recently, various experimental methods for measuring the concentrations of the components of a binary mixture have been proposed (Brenn, 2005; Nazarov et al., 2011) , but the accuracy of these methods is still not very high. Knowledge of the peculiarities of heat and mass transfer of single drops of binary and multicomponent solutions is a necessary factor in the numerical and experimental studies of gas-droplet jets and sprays (Karpov et al., 2015; Terekhov and Pakhomov, 2005) .
In the present work, analysis was carried out on the evaporation of a suspended drop of pure water in gas flow. The velocity of the flowing stream was taken in the range u 0 = 1 -3 m/s and the ambient temperature was equal to room temperature. These data were used as the basis for studying droplets of a binary solution. The main purpose of the work is to study the evaporation of a suspended drop of nonideal ethanol-water solutions over a wide range of component concentrations under conditions of forced convection (u 0 = 1.5 m/s). The measurements are carried out at Reynolds numbers calculated from the difference between the velocity of the gas and the particle Re > 100. In addition, blowing suspended droplets with stable dynamic and thermal properties in an air jet made it possible to accurately reproduce the experimental conditions for varying the concentration of the components. The dependence of the evaporation rate on the concentration of the less-volatile componentwas studied and the degree of the speed of the oncoming flow on the evaporation efficiency was estimated.
EXPERIMENTAL SETUP
A study of evaporation rates of a suspended droplet of a binary solution is carried out on an experimental setup schematically shown in Fig. 1 . In the experiments the drop is fixed on the holder which is made of asbestos fiber with a thickness of the order of 0.1 mm. The selection of this material is due to its high heat distortion temperature and low thermal conductivity λ ≈ 0.15 W/mK (Vargaftic, 1972) and because it can withstand an operating temperature range T 0g < 70
• C. The developed setup allows carrying out experiments in a stationary ambient and in dry airflow with velocity over the range of 0.1 -3 ± 0.05 m/s. In the latter case, the gas comes from a compressed air vessel which is introduced to a heating section 150 mm in diameter, made in the form of a cylindrical channel, and then the air passes through a narrowed channel with a diameter of 60 mm. For primary reduction of flow disturbances, the gas passes through a system of two honeycombs with mesh steps of 0.5 and 0.2 mm spaced 380 mm apart ( Fig. 1 ). To completely smooth the flow there is a confuser with a diameter of 12 mm and the ratio of compression of the flow n ≈ 17 is the outlet of the working area. The distance between the holder and the confuser is 20 mm. The experimental setup also allows the flow temperature T 0g to vary in the range from the dry air supply temperature from the vessel (∼ 20
• C) to 200
• C with an uncertainty of 0.2 • C. For this purpose, a heating section with a length of 480 mm was installed between the first honeycomb and the air vessel. A power regulator (thyristor power controller) sets the output power of a nichrome heater with an uncertainty of 0.5%. The oncoming flow temperature is controlled through a given reference voltage level on the power regulator. Two platinum thermometers installed in the upper and lower parts of the working area record the flow temperature. The ambient temperature (oncoming flow temperature) is measured by a thermocouple in the area of droplet suspension before the beginning of the experiment. Uncertainty of temperature measurement by sensors is 0.2
• C. The rate of airflow at temperatures up to 50
• C is measured by an anemometer (KIMO instruments VT110) at the outlet from the confuser. Its consistency over time was controlled by monitoring a rotameter (air flow meter) installed in front of the heater. The change of the physical properties airflow is taken into account for the received data. The uncertainty of the anemometer and the rotameter is 3% in the velocity range of 0.1 -3 m/s.
The experimental setup is equipped with a digital microscope (Digi Scope II v3) and a thermal imaging camera (Thermo Tracer TH7102IR) allowing to measure the size and surface temperature of the droplet studied. The accuracy of droplet size measuring is ∼ 50 µm and the accuracy of the drop surface temperature measurement is 0.08
• C. To measure the relative humidity of air φ in the droplet suspension area the setup is equipped with a hygrometer (Model 872) having a measurement uncertainty of 4%.
Experimental Conditions
In this paper water and ethanol-water solutions with a mass concentration of a more-volatile component of k = 0 -94% were used as the initial liquids. Used solutions were prepared by mixing water and ethanol with corresponding mass determined by direct weighing.
The initial size of the investigated droplets was d 0 ∼ 2 mm; its initial temperature T 0s was equal to the ambient temperature 26 -29
• C. A drop of liquid was formed using a BP96131 dispenser in a volume of 0.5 -5 µl with an uncertainty of 3%. All experiments were carried out at an ambient pressure of P = 1 atm. The flow velocity varied in the range of u 0 = 1 -3 m/s. The flow temperature in all experiments was constant, T 0g = 26 -29
• C, while airflow from the gas supply system had practically zero humidity, φ ≈ 0%. Figure 2 shows the characteristic photographs of the evaporating drop at different instants of time. It is seen that over time, the drop takes on an elliptical shape and this behavior is characteristic of all the droplets studied. This is because the contact areas of the droplet with the holder increase with evaporation, as the surface tension forces begin to prevail over the gravitational ones.
In view of the fact that during evaporation the size varies not uniformly, the effective diameter of the drop d was determined from the volume of the ellipsoid:
where c and b are the lengths of its axes. The measurements were made up to a droplet size not exceeding ∼ 0.3 · d 0 , since at smaller values the effective diameter of the drop becomes commensurate with the holder diameter and the conductive heat transfer through it can make a very significant contribution to the overall heat balance. At the first stage of the study calibration measurements were carried out in order to verify the correctness of the experimental procedure. Comparisons were made with experimental data (Terekhov et al., 2010) Terekhov et al. (2010) are presented in Fig. 3 . Good agreement of the experimental data of the present study is found with the results of Terekhov et al. (2010) .
THE INFLUENCE OF THE REYNOLDS NUMBER ON THE EVAPORATION RATE
The value of the relative velocity of the droplet flow in this series of experiments varied in the range u 0 = 1 -3 m/s, which corresponded to Reynolds numbers calculated from the gas velocity and the initial diameter of the drop Re = 100 -400. Figure 4 shows the change in the size of a drop of water during its evaporation at different velocity of the incident flow with temperature T 0g = 26
• C. One can see a certain separation of the experimental points, caused both by the difference between the blowing velocity and by the different initial dimensions of the drop.
For drops suspended in a moving environment, measurement results are substantially generalized using the law (d/d 0 )
1.5 (Terekhov et al., 2010) . The experimental data processed in this approximation are shown in Fig. 5 . In the data processing presented, the changes in the relative diameter of the water droplets practically coincide with one another for velocities u 0 ≥ 1 m/s. The explanation of the correlation obtained is the effect of the initial droplet diameter. If the experimental data are presented as the function (d/d 0 )
1.5 from (t/d 2 0 ), as accepted in many papers (Abarham and Wichman, 2011; Sirignano, 2010) , the results of the experiments are separated according to the flow velocity, as can be seen from Fig. 5 .
To generalize the experimental data obtained, as a rule, an expression is used to change the diameter of a drop obtained from the diffusion theory of evaporation (Spalding, 1963; Terekhov et al., 2010) :
The value of the parameter A, which characterizes the rate of drop evaporation as a function of the initial conditions of the experiments, was determined as the angle of inclination of the experimental approximation lines in Fig. 6 . Figure 7 shows the temperature change in a drop of water during evaporation at different flow velocities. Here, one can observe a decrease in the temperature of the droplet surface at the initial stage of evaporation to a temperature close to the adiabatic saturation temperature. In this case, the value of the blowing velocity has practically no effect on the surface temperature. Note that when studying the dependence of the oncoming flow velocity on the evaporation efficiency, it is important to take into account the initial size of the droplet (Figs. 5 and 6 ). A generalization of the experimental data in the criterial form shows in Fig. 8 . The approach proposed in Terekhov et al. (2010) was used where the parameter Ko was taken as the determining parameter which was calculated as follows:
where Fo is 
Ku, the Kutateladze number, is calculated as
As can be seen from Fig. 8 , the experimental data in this approximation well coincide with the results of the experiments (Terekhov et al., 2010) . The change (d/d 0 )
1.5 is linearly changed with Ko which was predicted by the elementary theory of the evaporation of drops of pure liquids in a convective flow.
With the evaporation of multicomponent droplets, the use of Ko in Eq. (3) (Borodulin et al., 2017) to generalize the experimental data is difficult because of the lack of data for the component composition of the droplets, which changes during evaporation.
A generalization of the experimental data shows that with an increase in the velocity of the incoming flow, the rate of evaporation slightly increases, but the change in the parameter A is not linear, and with an increase in the velocity, the rate of its increase noticeably decreases. This conclusion is especially important for engineering estimates of the evaporation rate of droplets, and indicates the need to take into account the initial size of the evaporating droplets. Note that with the evaporation of ethanol-water solutions, the number of factors influencing the rate of evaporation increases, which complicates the generalization of data and the conduct of computational studies.
EVAPORATION OF ETHANOL-WATER SOLUTION
The results of experimental studies of the dynamics of evaporation of nonideal ethanol-water solution droplets under environmental conditions u 0 = 1.5 m/s, T 0g = T 0s = 29
• C are presented below. These data were compared with the results of studies of pure water droplets under the same conditions. Figure 9 shows the results of measurements of the size of evaporating droplets in time. According to the data obtained, it can be concluded that the ethanol concentration significantly affects the rate of evaporation. It can be noted that at concentrations of the more-volatile component k = 70%, a similar evaporation behavior with a solution of k = 94% is observed at the initial stage; then a certain decrease in the evaporation rate occurs. This indicates that in the initial stage, ethanol is predominantly evaporated, followed by water.
FIG. 9: Normalized ethanol-water solution droplet diameter variation with time
The change in the surface temperature of evaporating droplets of a binary solution is shown in Fig. 10 . It is seen that at the initial stage there is a sharp drop in the temperature of the droplet surface, caused by a phase transition. This process is observed for all concentrations of ethanol in water. However, the minimum temperature does not reach the value of the saturation temperature for adiabatic evaporation and the probable explanation is the absence of adiabaticity of the drop under the experimental conditions, and possibly also by the presence of water vapor in the air stream. This conclusion requires a more detailed analysis. The second stage, connected with the increase in temperature, is due to the completion of intensive evaporation of ethanol, and to the transition to evaporation of the less-volatile component-water. Note that the greatest increase in temperature in the second stage of evaporation observed with a small ethanol concentration k ≈ 23%. At the same time, the contribution to the overall heat balance associated with the uncontrolled heat supply increases by the fiber retaining droplet. Note that, despite the considerably long period of the second stage, its contribution to the overall process of the evaporation of a drop is small, since in this period the volume of the droplet is decreased several times.
To generalize the experimental data obtained, the diffusion theory of evaporation is used. The value of the parameter A in the expression (Abramzon and Sirignano, 1989) , which characterizes the rate of evaporation of the droplet depending on the initial conditions of the experiments, was determined as the slope of the experimental points on the graphs (Fig. 11) . Since not all the experimental data have values of (d/d 0 )
1.5 as linear functions of time, the value of the parameter A was calculated at the initial instants of evaporation.
The value of the droplet evaporation rate parameter A as a function of the ethanol concentration in the ethanolwater solution is shown in Fig. 12 . A larger value of A corresponds to an increase in the evaporation rate. An analysis of the effect of the concentration of the more-volatile component on the rate of evaporation showed that with a higher ethanol concentration the solution evaporates faster.
It can be seen that at low ethanol concentrations (k = 9% and k = 23%), the evaporation rate differs by about 22%, whereas at high ethanol concentrations this difference increases. So drops with an ethanol content in water of k = 94% have a higher evaporation rate than solutions of k = 70%, about 32%, which is quite predictable. The difference between the rates of evaporation of pure water and a solution with a low ethanol concentration (k = 9%) is about 73%. Thus, it has been found that the efficiency of evaporation increases significantly even with a small ethanol concentration in water compared to pure water.
CONCLUSIONS
Because of the study, a database of experimental data on the drop evaporation of pure water in a wide range of oncoming flow velocities was obtained. Data were also obtained on the evaporation of a nonideal ethanol-water solution under conditions of forced convection for various concentrations of components. The main factors affecting heat and mass transfer during evaporation, such as initial droplet size, concentration in the liquid phase, and environmental conditions, were analyzed. Knowledge of such laws of heat and mass transfer during the evaporation of liquid drops is necessary for predicting the droplet evaporation rate of binary solutions, testing theoretical models, and improving the efficiency of this process.
As a result of experimental work, it was found that the ambient conditions (the oncoming flow velocity) significantly affect the evaporation rate of a drop of a pure liquid. However, with the evaporation of pure water, the influence of the velocity of the oncoming flow turns out to be nonlinear. Thus, as the velocity of the incoming flow increases, the rate of growth of the evaporation rate decreases markedly. It can be concluded that with the evaporation of pure water droplets we need to take into account their initial size. This conclusion is especially important for engineering estimates of the evaporation rate of droplets, and indicates the need to take into account the initial size of the evaporating droplets. However, when the ethanol-water solution evaporates, the evaporation rate is influenced not only by the factors listed above, but also by the concentration of the volatile component in the liquid phase. In carrying out such experiments it is practically impossible to track the change in the concentration of the more volatile component in the ethanol-water solution during the evaporation process. It is not known at what point in time the solution has more ethanol than water. Therefore, the investigation of the effect of ethanol concentration on the rate of evaporation was carried out only with the use of initial conditions. As a result of the analysis of the obtained data, it was found that the efficiency of evaporation increases even with a small concentration of ethanol compared to pure water.
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